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F U N D A M E N TA L  Q U E S T I O N S :

2

What is the spatial distribution of quarks 
and gluons inside the nucleon? 

How does this distribution fluctuate? 

The question is also relevant for 
understanding p+A collision
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C O L L E C T I V I T Y  I N  p + p ,  p + P b  C O L L I S I O N S
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A L I C E  C O L L A B O R A T I O N   
P H Y S .  L E T T.  B 7 1 9  ( 2 0 1 3 )  2 9 - 4 1 ;  P H Y S .  
R E V.  C  9 0 ,  0 5 4 9 0 1  

A T L A S  C O L L A B O R A T I O N  
P H Y S .  R E V.  L E T T.  1 1 0 ,  1 8 2 3 0 2  ( 2 0 1 3 ) ;  
P H Y S .  R E V.  C  9 0 . 0 4 4 9 0 6  ( 2 0 1 4 )  

C M S  C O L L A B O R A T I O N   
P H Y S .  L E T T.  B  7 1 8  ( 2 0 1 3 )  7 9 5  
A N D  A R X I V: 1 6 0 6 . 0 6 1 9 8
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2-particle correlation as a function of Δη and Δϕ

Ridge:  
Long range 
correlation in Δη 
with certain 
structure in Δϕ 

http://prl.aps.org/abstract/PRL/v110/i18/e182302


G E O M E T R Y  F L U C T U A T I O N S
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Possible explanation are initial state shape fluctuations that 
are turned into momentum space correlations by strong final 
state interactions 

This works in A+A collisions 
 
 
 
 
 
using color glass condensate 
initial state (IP-Glasma) and  
MUSIC viscous hydrodynamics
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C .  G A L E ,  S .  J E O N ,  B . S C H E N K E ,  P. T R I B E D Y,   
R . V E N U G O PA L A N ,  P R L 1 1 0 ,  0 1 2 3 0 2  ( 2 0 1 3 )
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S A M E  M O D E L  T H A T  W O R K S  W E L L  I N  P b + P b  FA I L S  I N  p + P b
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IP-Glasma
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IP-Glasma

I N  T H E  YA N G - M I L L S  F R A M E W O R K  S H A P E  O F  T H E  S Y S T E M  
F O L L O W S  S H A P E  O F  T H E  P R O T O N  
P R O T O N :  W I L E  E  C O Y O T E ;  H E A V Y  I O N :  W A L L
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IP-Glasma

S H A P E  O F  T H E  S Y S T E M  F O L L O W S  S H A P E  O F  T H E  P R O T O N  
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H O W  T O  C O N S T R A I N  P R O T O N  S H A P E  
F L U C T U A T I O N S ?
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H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )  
A N D  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )

B j ö r n  S c h e n k e ,  B N L8

A D D I T I O N A L  D E G R E E  O F  F R E E D O M :   
P R O T O N  S H A P E  F L U C T U A T I O N S  

N E E D  A D D I T I O N A L  P I E C E  O F  D A TA  A S  
C O N S T R A I N T  I N  T H E  S P I R I T  O F  T H E  O R I G I N A L  
I P - G L A S M A  M O D E L  

T H I S  D A TA  I S  I N C O H E R E N T  E X C L U S I V E  
D I F F R A C T I V E  V E C T O R  M E S O N  P R O D U C T I O N  
A T  E . G .  H E R A  A N D  A  F U T U R E  E I C



D I F F R A C T I V E  J /Ψ  P R O D U C T I O N
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e+p collisions, no exchange of color charge 
Large rapidity gap 

Coherent diffraction: 
Proton remains intact 
Sensitive to average gluon  
distribution in the proton 

Incoherent diffraction: 
Proton breaks up 
Sensitive to shape fluctuations



• Ψ*: Incoming virtual photon  
fluctuates into a           dipole 

• N: Dipole scatters elastically 

• ΨV: amplitude for quark–antiquark  
dipole → vector meson

q� q̄

C G C  F R A M E W O R K  J /Ψ  P R O D U C T I O N
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Diffractive eigenstates are color dipoles at fixed rT and bT

Scattering amplitude:
M .  L .  G O O D  A N D  W.  D .  W A L K E R ,  P H Y S .  R E V.  1 2 0  ( 1 9 6 0 )  1 8 5 7

H .  K O W A L S K I ,  L .  M O T Y K A ,  G .  W A T T,  P H Y S .  R E V.  D 7 4 ,  0 7 4 0 1 6  ( 2 0 0 6 )

Δ: transverse momentum 
of vector meson



A V E R A G I N G  O V E R  T H E  TA R G E T
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C O H E R E N T  D I F F R A C T I O N :  
TA R G E T  S TA Y S  I N TA C T

I N C O H E R E N T  D I F F R A C T I O N :  
TA R G E T  B R E A K S  U P

S E N S I T I V E  T O  F L U C T U A T I O N S !

S E E   
H .  I .  M I E T T I N E N   
A N D  J .  P U M P L I N  
P H Y S .  R E V.  D 1 8  ( 1 9 7 8 )  1 6 9 6  

Y.  V.  K O V C H E G O V   
A N D  L .  D .  M C L E R R A N  
P H Y S .  R E V.  D 6 0  ( 1 9 9 9 )  0 5 4 0 2 5  

A .  K O V N E R  A N D   
U .  A .  W I E D E M A N N  
P H Y S .  R E V.  D 6 4  ( 2 0 0 1 )  1 1 4 0 0 2

H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )  
A N D  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )



I M P L E M E N T I N G  G E O M E T R I C  
F L U C T U A T I O N S  O F  T H E  TA R G E T
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H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )  
A N D  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )

• Sample quark positions from a Gaussian 
distribution (width Bqc)  

• Small-x gluons are located around the valence 
quarks (Gaussian with width Bq) 

• Combination of Bqc and Bq sets the degree of 
geometric fluctuations  

• Dipole-target scattering: IPsat model fitted to F2

Use a simple constituent quark inspired model first



E X C L U S I V E  J /Ψ  P H O T O - P R O D U C T I O N
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H 1  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 4 6  ( 2 0 0 6 )  5 8 5 ,  
P H Y S .  L E T T.  B 5 6 8  ( 2 0 0 3 )  2 0 5  
Z E U S  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 2 4  ( 2 0 0 2 )  3 4 5  
E U R .  P H Y S .  J .  C 2 6  ( 2 0 0 3 )  3 8 9

H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,   
P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )  
A N D  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )

�W� = 100GeV



A D D I N G  C O L O R  C H A R G E  F L U C T U A T I O N S
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IPSat → IP-Glasma: 2D Yang-Mills picture of proton

Color charge fluct. 
only

Both fluctuations

H 1  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 4 6  ( 2 0 0 6 )  5 8 5 ,  P H Y S .  L E T T.  B 5 6 8  ( 2 0 0 3 )  2 0 5  
Z E U S  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 2 4  ( 2 0 0 2 )  3 4 5 ,  E U R .  P H Y S .  J .  C 2 6  ( 2 0 0 3 )  3 8 9

H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )  
A N D  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )

�W� = 100GeV



A D D I N G  Q S F L U C T U A T I O N S
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IP-Glasma with QS fluctuations

E X P E R I M E N TA L  D A TA :  H 1  C O L L A B O R A T I O N ,  J H E P  1 0 0 5  ( 2 0 1 0 )  0 3 2  

H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )  
A N D  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )

�W� = 75GeV



A LT E R N A T I V E  M O D E L S
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H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  D 9 4 ,  0 3 4 0 4 2  ( 2 0 1 6 )

Stringy proton model gives similarly good agreement 

Cannot distinguish details between geometry models 
but can determine degree of fluctuations

�W� = 75GeV



S T R A T E G Y:  C O N S T R A I N  P R O T O N  F L U C T U A T I O N S  W I T H  J /Ψ  
P R O D U C T I O N  A N D  P R E D I C T  F L O W  I N  p + P b  C O L L I S I O N S
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H .  M Ä N T Y S A A R I ,  P.  T R I B E D Y,  B .  S C H E N K E ,  I N  P R E PA R A T I O N

B j ö r n  S c h e n k e ,  B N L17

Use constrained proton  
to predict vn in p+Pb collisions
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N E X T  S T E P S
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H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  I N  P R E PA R A T I O N

B j ö r n  S c h e n k e ,  B N L18

JIMWLK evolution with infrared regulator: decreasing x

Hadron radius grows linearly with rapidity - “Gribov diffusion” 
Even at small x the proton is not a sphere of gluons

Implement energy evolution - predict cross sections at varying W 
Study UPCs at LHC and EIC scenarios
S .  S C H L I C H T I N G ,  B .  S C H E N K E ,  P H Y S .  L E T T.  B 7 3 9 ,  3 1 3 - 3 1 9  ( 2 0 1 4 )



W H AT  A N  E I C  C A N  A D D
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• High luminosity and a detailed scan in x and Q2 
• Detailed measurements of different vector mesons 
• Better discrimination of coherent and incoherent 

processes 
• Scan in A: How does fluctuating gluon distribution 

change when going to light and to heavy ions 
• Measure angular correlations of scattered electron 

and produced vector meson (or to proton spin?): 
Determine harmonics of proton shape fluctuations: 
eccentricity, triangularity, etc. 

• Precision imaging of the fluctuating proton shape 



S U M M A R Y
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• Incoherent diffraction is highly sensitive to  
proton shape fluctuations 

• Comparison to HERA data provides evidence for strong 
geometric fluctuations 

• This is of fundamental interest 

• It is also crucial for understanding the physics of high 
multiplicity p+A collisions 

• A future EIC can provide even deeper insight into the 
fluctuating gluon distribution in the proton and nuclei

B j ö r n  S c h e n k e ,  B N L
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Azimuthal structure quantified using Fourier expansion
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Azimuthal structure quantified using Fourier expansion
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F L U C T U A T I N G  N U C L E O N  P O S I T I O N S  A N D  C O L O R  C H A R G E S  
➞  F L U C T U A T I N G  D E P O S I T E D  E N E R G Y

P R E S S U R E  G R A D I E N T S  D R I V E  T H E  E V O L U T I O N   
D E S C R I B E D  B Y  H Y D R O D Y N A M I C S  
F I E L D  W A S  L A R G E LY  D R I V E N  B Y  U L I ’ S  W O R K :

H I G H  E N E R G Y:  I N I T I A L  F L U C T U A T I N G  E N E R G Y  D E N S I T Y  C A N  B E  
C O M P U T E D  I N  T H E  C G C  F R A M E W O R K  ( I P - G L A S M A  M O D E L )  

C . G A L E ,  S . J E O N ,  B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P R L 1 1 0 ,  0 1 2 3 0 2  ( 2 0 1 3 )

B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P R L 1 0 8 ,  2 5 2 3 0 1  ( 2 0 1 2 ) ,  P R C 8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )

B j ö r n  S c h e n k e ,  B N L

P.  F.  K O L B ,  J .  S O L L F R A N K ,  U .  W.  H E I N Z ,  P H Y S . R E V.  C 6 2  ( 2 0 0 0 )  0 5 4 9 0 9   
P.  F.  K O L B ,  P.  H U O V I N E N ,  U .  W.  H E I N Z ,  H .  H E I S E L B E R G ,  P H Y S . L E T T.  B 5 0 0  ( 2 0 0 1 )  2 3 2 - 2 4 0  
H .  S O N G ,  U .  W.  H E I N Z ,  J . P H Y S .  G 3 6  ( 2 0 0 9 )  0 6 4 0 3 3   
H .  S O N G ,  S .  A .  B A S S ,  U .  H E I N Z ,  T.  H I R A N O ,  C .  S H E N ,  P H Y S . R E V. L E T T.  1 0 6  ( 2 0 1 1 )  1 9 2 3 0 1  
…  

I P - G L A S M A  I N I T I A L  C O N D I T I O N  +  M U S I C  


